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1. INTRODUCTION

The author visited USA during the period 16-21 August 1987 to attend the 31st
Annual International Technical Symposium on Optical and Optoelectronic Applied
Science and Engineering. The symposium, hosted by SPIE (Society of Photo-Optical
Instrumentation Engineers), was held in the Town and Country Hotel, San Diego,
California, and comprised some 20 technical conferences, 61 tutorial short courses,
and a comprehensive instrument exhibit.

The primary purpose of the author's visit was to present a paper entitled
"Recent Work on the Stress Dependence of the Thermoelastic Parameter" at the
symposium. The paper deals with one aspect of the thermoelastic effect which was
recently discovercd by ARL, aiJl has important implications to stress analysis
techniques which utilise the thermoelastic effect. The most important conclusion
from ARL's work is that this effect may be applied to the measurement of residual
stresses. As a result, tremendous interest has been generated, and Sira Ltd., which is
the manufacturer of an existing thermoelastic dynamic stress analysis device SPATE
(Stress Pattern Analysis by measurement of Thermal Emission) was prepared to
partly fund the author's visit.

2. THE EXHIBITS

The instrument exhibit was comprehensive, with several hundreds of displays

and demonstrations of optical and optoelectronic equipments. There was a clear
emphasis on lasers, infrared detection and imagery, and data processing softwares
and systems.

3. TIEE CONFERENCES

The technical conferences were held over the period 17 to 21 August. Due to
the large number of topics involved, up to seven or eight concurrent sessions were
run for most of the five days. Judging by the enormous variety in the subjects for
discussion, optics and optoelectronics appear to have an important role in most fields
of science and engineering such as astronomy; medical research; non-destructive
testing of materials and military applications to name just a few. The sessions
attended by the author were mainly associated with non-destructive testing, fatigue
and fracture, and strain/stress measurements. Of particular interest were the talks
on the use of thermography in the detection of damages, voids and moisture contents
in composite materials. The subjects covered in the fatigue and fracture sessions
include moire, speckle and holographic interferometries, method of caustics, as well
as photoelastic techniques.

During the strain/stress measurements session, four papers relating to the use
of SPATE were presented. They were:

(1) "Review of SPATE applications at the National Engineering Laboratory",
by W.M. Cummings and N. Harwood. The talk was presented by Mr. Cummings of
NEL who highlighted many successful applications of SPATE to analyse engineering
components as well as welded joints. Some success was also claimed for the
determination of the stress intensity factors from the SPATE scan of a cracked
specimen. The development of the SPATE SPECTRA (a version of SPATE which can
handle random wave-form loading excitation) was also described.
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(2) "Application of thermoelastic stress measurement to both modal analysis
and the dynamic behaviour of electrical power plant structures" by R.G. Bream,
B C. Gasper, S.W.J. Page and B.E. Lloyd of Central Electricity Generating Board,
U.K. which was presented by Dr. Lionel Baker of Sira Ltd. It showed that SPATE can
successfully be used to analyse the vibrational modes of a component under dynamic
loads. It was pointed out that since SPATE's primary sensitivity is to stress rather
than displacement as in many other optical techniques such as moire or holographic
interferometry, the determination of stresses at nodal positions using SPATE data
can be more accurate.

(3) "Application of thermoelastic stress techniques to fiber composites" by
R.T. Potter and L.J. Greaves. This talk was presented by Mr. Potter of RAE, and
discussed the difficulties in using SPATE on composites. Several parameters were
considered which include loading frequency, surface resin thickness, and temperature
dependent terms. To maintain adiabatic conditions, it was suggested that the testing
frequency be at least 8 Hz. However, the accumulation of heat due to the energy
dissipation of the matrix material at high frequency and high load amplitudes can be
a potential problem. The surface resin thickness was found to have a substantial
effect on the SPATE output. The reason for this was not understood. The study of
the effect of the temperature dependent terms was initiated by the ARL's earlier
work on the mean stress dependence of the thermoelastic parameter. In fact, the
theoretical treatment followed the same approach as that of ARL's work. This led to
the prediction that significant errors may arise if these terms were neglected.
Experimental validation of this aspect has yet to be achieved.

(4) "Recent work on the stress dependence of the thermoelastic parameter"
by A.K. Wong, J.G. Sparrow and S.A. Dunn. This was presented by the author, and
covered a brief history of how ARL discovered the dependence of the SPATE output
on the mean stress applied, and how the thermoelastic theory was re-derived to
account for this apparent anomaly. The presentation mainly concentrated on a series
of experiments designed to further validate the revised thermoelastic theory and how
this may be exploited for the measurement of residual stresses. A copy of this paper
is shown in Appendix I.

The author's presentation was well received and attracted much interest and
useful comments. The following points were noted from the discussions:

A large task group of experienced SPATE users has already been set up in
the U.K. to look into ARL's findings.

Efforts made in RAE and NEL have so far failed to yield any quantitative
results on the mean stress dependence of the thermoelastic parameter. It
was suggested that their SPATE's may be "noisier" than ours.

There is an active and extensive SPATE research program being run in
the University of Wisconsin, Madison, U.S.A. Of the eight current post-
graduate students in the Fatigue Program run by the Engineering
Mechanics Department, five are involved in researches associated with
SPATE. Professor B. Sandor, who directs this program, pointed out that
they are also aware of ARL's work, and experiments done in his
department have confirmed our findings.
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4. CONCLUSION

The visit was well worthwhile, serving not only to secure recognition for ARL's
pioneering effort in the discovery of the mean stress dependence of the
thermoelastic effect and the possible exploitation of this aspect for residual stress
measurements, but also allowed the author to obtain useful feedback and to gauge
the amount of effort being devoted to this work. It is felt that with the task group
set up in the U.K., and the extensive research program run by the University of
Wisconsin in the U.S., our "head-start" in trying to develop a practical thermoelastic
residual stress method will soon be outstripped by the efforts made overseas.



Recent work on the stress dependence of the thermoelastic parameter

A. K. Wong, J. G. Sparrow and S. A. Dunn

Structures Division, Aeronautical Research Laboratories,
P. 0. Box 4331, Melbourzie, 3001, Australia.

1. I1 7 Optomechan.cal Ss-szens Engineering( 1 ,
ABSTRACT theoretical study was subsequently undertaken by Wong et a]'

to re-examine the thermoelastic relationship, and to search for
In an earlier paper, a revised theory of the thermoelastic a more likely explanation for this interesting phenomenon. By

effect was presented which offers an explanation of the mean a more generalised approach, it wds shown in Ref. 8 that the
stress dependence of the thermoelastic parameter. Further ex- stress dependence of the thermoelastic parameter may be fully
perimental results are presented here to validate this theory, accounted for by the temperature dependence of the elastic
and to demonstrate that the predicted higher harmonic ther- moduli of the material.
mal response of a body under a single frequency excitation
may be observed and measured. The presence of this higher The purpose of this paper is to present a summary of the
harmonic response is due to the weak quadratic nature of the theoretical presentation, and to lend further experimental sup-
stressf-temperature relationship. It is suggested that the abil- port to the theory derived in Ref. 8, as well as to highlight
ity to accurately measure this component may be the key to the potential of applying this theory as a means of measuring
making practical residual stress measurements using this the- surface residual stresses.
ory.

2. THEORY
1. INTRODUCTION

It was shown' that the revised form of the thermoelastic
The use of the thermoelastic effect for measuring surface equation relating the rate of temperature change and the rate

stresses of a dynamically loaded body is now well established, of change in stress state in a homogeneous IHookean material
and the commercially available instrument which makes use of under adiabatic conditions can be written as
this principle, SPATE 8000, is widely recognizd as a powerful
too ) for non-contact full -Field stre-ss measurene ts -, ' hilst T tQ i. E 1 a,,) .emergence of SPATE may be considered as a relatively new p. ,' - T TT E 4T I-
break-through in stress analysis, the theory which formns the [ 

2 a ~ 2
basis of its working principle has been known for ikll over ((I +-L') oE 1 (9V
a century. The first theoretical treatment of the thermal- +, E- - - 12,0 0
mechanical coupling between temperature changes and stress ,1
changes dates back to 1855'. The resulting relationsship, knowin
as Kelvin's Law, states that under adiabatic cond!tions. the in which
change in temperature 6T is linearly related to the change in
the sum of principal stresses 4, viz. T is the thermodynamic temperature (K),

,, are the principal stress components (N/i 2 ),
6T s is the sum of the principal stresses (N/m ),
T. p. is the density (kg/rn3 ),

C, is the specific heat under constant strain (Nm/*C),
in which T. is the absolute temperature of the elem-ert under a is the coefficient of linear thermal expansion (I C-1),
consideration, and K is known as the thermoelastic pararmeter E is the Young's modulus (N/m 2 ), and
(or more commonly, thermoelastic constant). i' is the Poisson's ratio.

Since the SPATE response is linearly related to the am-
plitude of cyclic temperature change, the direct application of Equation (2) differs from the classical thermoelastic equa-
Kelvin's Law means that the SPATE response should be di- tion in that the elastic moduli are not assumed to be constants,
rectly related to the amplitude of the cyclic principle stress but are taken to be general functions of temperature. It may
sum. Further, the above equation infers that this response be seen that the temperature response is now dependent on
should be independent of the presence of any mean or steady both the stress rate as well as the stress state itself. Taking
state stress. However, recent work carried out in the Aero- the uniaxial case as an illustrative example, in which
nautical Research Laboratories has revealed that the SPATE
output is dependent not only on the amplitude of the cyclic Ot S, 02 = a3 = 0,
stress, but also on the mean stress state. In a series of experi- and &I = &3 = 0 (3)
ments whereby an applied mean load was varied whilst main-
taining a constant load amplitude, Machin et al6 showed that Equation (21 becomes
the thermoelastic parameter for the titanium and aluminium
alloys tested were significantly dependent on the mean load. P.C, - =-(a_--_ ) (4)
This apparent stress dependence of K had previously been ob- T E 2 aT
served by Belgen', where he found that the measured thermo-elastic parameters for four metals tested were dependent on It was shown" that under an applied stress of the form
the size of the load excursions imposed on the specimens. Bel-
gen conjectured that this behaviour could be due to the stress s = s, + As sinwt, (5)
dependence of the 'specific heat and/or Poisson's ratio". Htow-
ever, the extent of stress dependence of these properties must where s, and As are the mean and amplitude of the applied
be substantial in order to explain the findings in Ref. 6, and stress respectively, and w is the loading frequency, eqn (4) may
reports of such dependence were not found in the literature. A be integrated to give
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6T ( I aE 3. EXPERIMENTS
P.C.- =-- (a-- 5_ AinwtT - a -5 (6) The experiments were carried out on a ±50 kN MTS servo-

I dE hydraulic fatigue testing machine, coupled with a Solartron
+ (A) -cos2wt). 1250 transfer function analyser which acted as a function gen-

erator. This system was able to provide a near pure sinusoidal

loading cycle over the frequency and load range considered.
However, it was overlooked in Ref. 8 that any steady state

component of 6T cannot be sustained due to energy transfers After a series of preliminary trials, it was found that the
to the surroundings. In other words, a valid adiabatic solution titanium alloy Ti-6AI-4V was most suitable due to its rela-
of 6T which satisfies eqns (4) and (5) is given by tively high aE/T value as well as possessing a high yield

strength. Consequently, a cylindrical Ti-6A[-4V specimen was
used throughout the tests. The specimen has a working sec-

6T ( 1aE tion of 60 mm in length and a uniform cross-sectional diame-
P C a T I sinwt ter of 11.35 mm. Extreme care was taken in its alignment in

I - E (7) the testing machine to achieve, essentially, a one-dimensional
1 OE o

4 (As) cos2wt. stress field near the mid-section of the specimen. To improve
4E 2 aT the emissivity of the specimen, the surface to be analysed was

cleaned with acetone, and a thin coat of matt-black paint ap-
plied by means of an aerosol spray. SPATE was then focused

Equation (7) shows that under a single frequency excitation, on a fixed point in this region from a stand-off distance of
the temperature response contains two frequency components. approximately 50 cm.
However, because the correlator of SPATE has the effect of
filtering out all harmonic components o iier than that of the 3-1 Measurement of the second harmonic cormporent
loading frequency, SPATE records only the fundamental com-
ponent. The effective thermoelastic parameter K as seen by The first phase of the experiment was to demonstrate that
SPATE is therefore given by under a pure sinusoidal loading cycle of frequency w, the de-

tector response contains two frequency components (w and 2w)
in accordance with eqn (7). To achieve this, measurements of

1.E(8 both the fundamental and second harmonic components of the
K=a - -- , (p° C,) (8) raw SPATE detector signal were recorded over loads of differ-

ent cyclic amplitudes ranging from ±10 kN (:!_98.8 MPa) to
±40 kN (±395.2 MPa). A zero mean load was maintained to

Equation (8) shows the thermoelastic parameter to be a lin- maximise the cyclic range. The tests were repeated for sev-
ear function of the mean stress s_,, and a normalised measure eral frequencies ranging from 5 to 20 Hz, and no apparent
of its mean stress dependence is therefore frequency dependence was found. A Wavetek 704A 4-channul

FFT spectrum analyser was uses to monitor both the purity
of the loading cycle as well as to analyse the raw signal of the

Ko -sK 1E (9) SPATE detector output. Analyser integration times of 10 and
K. iOs, aE9T' 30 seconds were found to be sufficient to give stable readings

for the first and second harmonic components respectively.

where K. = c/(poC,) is the usually adopted thermoelastic
constant. Figure 1 shows a typical ploL of the spectral content of the

load cell output, where the lower frame is on an enlarged verti-
Since the right hand side of eqn (9) consists only of mate- cal scale. It may be seen that the loading cycle was nearly sinu-

rial parameters which are obtainable from the literature, this soidal with very little contributions at other harmonics. Most
provides a convenient means for validating the revised thermo- importantly, the second harmonic component was extremely
elastic relationship. Although tOE/OT data are usually much small and amounts to less than 0.1% of the fundamental sig-
less common as compared to other material properties, such nal. On the other hand, the spectral content of the detector
data are available for the titanium alloy Ti-6AI-4V and the signal, as shown in figure 2, reveals a significant contribution
aluminium alloy AI-2024' °, both of which were considered in (amplitude of approximately 4% of the fundamental) at a fre-
the experiments in Machin et al'. It was shown in Ref. 8 quency of 2w.
that good agreement between theory and the experiments was
achieved (see Table 1). One unexpected feature of the detector signal spectrum was

the small spike at 16.7 Hz. This was found to be an artifact
In the following, this theory is further validated by an exam- inherent to the SPATE system, as it was present even when

ination of the infrared detector signal prior to being processed the scanning unit door was shut and the MTS testing machine
by the SPATE correlator, and it will be shown that this raw was turned off.
signal obeys the response law as described by eqn (7), and more
generally, eqn (4). The test results are summarised in figures 3 to 5. It may

Material a E OE/E9T (OK/Os,,,)K." (MPa- ')
(*C-' ) (MPa) (MPa/* C) Theory (Eqn 9) Experimentse

Ti-6AI-4V 9.0 x 10 1.11 x 105 -48.0 4.33 x 10- ' 4.29 x 10 - '
AI-2024 2.3 x 10-  7.2 x 104 -36.0 3.02 x 10- 4  3.19 x 10-'

Table 1. Comparison of theoretical and measured mean stress dependence of K (from Ref. 8).
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be seen from figure 3 that the first harmonic response is lin- The second harmonic response is shown in figure 4. Ac-
early related to the cyclic stress amplitude, and a best fit of cording to the revised theory, the 2w component should be
the form S. = a ,s yields a = 8.63 x 1O-mV/MPa, and a linearly proportional to the square of the cyclic stress wi-
correlation coefficient of r = 0.992. This linear relationship plitude as shown in eqn (7). Although the scatter is much
is in agreement with theory where the slope a is directly re- larger than that for the fundamental response, as the signal
lated to the thermoelastic parameter K. If the mean stress to noise ratio was much lower, a line of best fit of the form
were to deviate from zero, then the slope of this line would S2. = bs'a shows good correlation (r = 0.967) and gives
be changed according to eqn (9). The mean stress dependence b = 9.74 x 10- rrV/MPa. The ratios of these two slopei
of the thermoelastic parameter is not shown here as this has (b/a) is therefore 1.13 x 10'-MPa - 

'. On the other hand, a
previously been demonstrated'. theoretical prediction may be obtained from eqn (7), where it
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may be seen that under zero mean stress, and noting that the 40
recorded detector voltages were r.m.s. measurements, the ratio
of the slopes may be given by

(10) 30a a

Since -(aE 2 )- IE/8T 4.33 x 10-'MPa - ', eqn (10) gives 6
a predicted b/a ratio of 1.08 x 10-'MPa- 1 which is in good 20

agreement with the experimental result.

Phase measurements for the second harmonic response were r

also taken, and are presented in figure 5. Because it is diffi- 0
cult to compare phases between two wave forms of different

frequencies, and since the system lag was found to be a con-
stant time lag which was relatively insensitive to the amplitude,
phase lags of the second harmonic component were assumed to
be the difference between the second harmonic phase readings 0
and the phase readings of the first harmonic at twice the fre- 0 100 2 0 300 403
quency. The results strongly support a cosine form for the Stress ap:.e .1Pi

second harmonic response as suggested in eqn (7). Fig. 3. First harmonic detector output.

Although the second order component of the thermal re-
sponse is extremely small compared to the primary signal, the 1 6 o
fact that it can be successfully measured strengthens the pos-
sibility of applying this theory for measuring residual stresses. a D

In the above example for instance, assuming that all material
properties may be obtained accurately, it may be seen from eqn
(7 ) that the ability to simultaneously measure and record the > 1 2

fundamental and the second harmonic components of the tem-
perature response will be sufficient to enable both the cyclic a a
and the mean (or initial) components of stress to be calcu-
lated. This has the important implication that surface residual , 08

stresses may be evaluated with this method. Of course, this ,
problem becomes much more difficult for the multiaxial case. Z
Besides the increased mathematical complexity for such cases, -
the locations of high residual stresses may not coincide with a 0

high applied cyclic stresses so that measurement of the second

order term may be impractical. However, with a better noise
suppression algorithm, and perhaps a more sensitive detector,
there is immense potential for turning SPATE into a residual a

stress measuring device. Preliminary tests on specimens which 0 0
contain residual stresses induced by four-point bending have 0 40 83 123 !60

proved to be promising, and the final results will be presented Square of s!,ess a-p. !..e (A103 t.y',
2

1

elsewhere.
Fig. 4. Second harmonic detector output.

3.2 The general response law

In the previous section, it was shown that when a body is
loaded at a single frequcncy w, the temperature (and Lias the - - ----- - -- - -

detector signal) response contains two frequencies w and 2w. a
This is due to a non-linearity in the response law as described 8a
by eqn (2). Consider the one-dimensional case as an example, a
a simple manipulation of eqn (4) gives

E60-

P, C . = a ( a _ E 33
~40

For bT = T - T < T., the integration of both sides of eqn "
(11) yields

20

6T I aE
P.C "  _a-,s + -- 2 + k, (12) 0

200 300 400

Stress amplitude (MPa)

where k *s an integration constant. For a valid adiabatic solu-
tion of 6T under a periodic stress waveform, k is given by Fig. 5. Second harmonic phase lag of detector output.



is dt - dt (13) because the fundamental component is expected to be large,
I*[ d-the presence of any sizeable third harmonic load can there-

fore contribute significantly to the second harmonic thermal
response. This could perhaps explain the relatively large scat-

Equation (12) shows that the relationship between the de- ter in the measurements presented in figure 4, and also high-
tector 'dgnal and the applied stress should be quadratic in form, lights the need to ensure a pure sinusoidal loading wave form
viz. if the technique of the previous section were to be developed

for predicting residual stresses.
S=a. + a,a+a2 2 , (14) 4. CONCLUSION

in which a, and a are material constants, and their ratio is The revised theory of the thermoelastic effect derived in
given by Wong et al' showed that the recorded SPATE signal is de-

pendent on the mean stress, and thereby explains the earlier
a2 - 1 aE '1' experimental findings". From the new theory, it was postu-
aL 2aE _ 6T* lated in Ref. 8 that when a body is subjected to a cyclic load

of frequency w, the corresponding thermal signal should con-
To show the validity of this response law, the same specimen tain components at frequencies Lw and 2w. This phenomenon

was stressed under a series of 5 liz loads of various amplitudes, was demonstrated in the present paper by analysing the raw
with both the load cell and raw detector signal collected simul- detector signal of SPATE. It was also shown that the higher
tanebusly by a Hewlett Packard 7090A Measurement Plotting harmonic component arises due to the quadratic nature of the
System. For each run, the analogue signals were suitably am- response law.
plified to minimise quantisation errors and were sampled at 500
Hz over a 2 second interval. Because the raw detector signal It has been concluded that the ability to accurately measure
was observed to possess a relatively high white noise content, the higher order term of the thermal response strengthens the
a 30 Hz low-pass filter was used to remove much of the high possibility of applying the present theory for the measurement
frequency noise. A similar filter was also used on the load cell of surface residual stresses of a material. The development of
signal to remove the 50 Hz mains pick-up as well as to match a better noise suppression algorithm and/or a more sensitive
the phase shift of the signals induced by such filters. detector would undoubtedly expedite the realisation of thi.s

most important goal.
The resultant 1000 data pairs were subsequently transferred

to a computer for processing. Due to the difference in the 5. ACKNOWLEDEMENTS
load cell and detector response characteristics, a small phase
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